Summary. The site of iodination of thyroglobulin in the thyroid gland revealed through morphological studies was critically reviewed in relationship to biochemical points of view. The phylogenetic and evolutional aspects of this problem were also reviewed and discussed. To conclude, the present author wishes to emphasize the following:
1. In adult vertebrates whose thyroid follicular structure has been well completed, the main site of the iodination of thyroglobulin is generally the follicular lumen and the apical plasma membrane region. 2. The iodination may also take place partly in the cytoplasm. Autoradiographic data from the chick embryo and from the dissociated thyroid cell of the rat and sheep, and the electron microscopic histochemical data for peroxidase reaction indicate the possibility that the iodination could occur also in the cytoplasm, such as in the rough endoplasmic reticulum, Golgi apparatus and subapical vesicles.
3. In usual adult animals, however, thyroglobulin in the follicular lumen is far larger in quantity than that in the cell cytoplasm and numerous molecules of thyroglobulin in the follicular lumen might have not yet completely iodinated and therefore injected iodine is considered to be combined with luminal colloid preferentially.
This seems to be the reason why the iodination takes place almost entirely in the follicular lumen (and apical plasma membrane region) in adult animals having usual follicular structures.
4. Based on the data of larval lampreys and ascidians, iodine metabolism in the thyroidhomologous cells in cyclostomes and protochordates seems to show the similar pattern to that of higher vertebrates.
The main site of iodination of protein in these animals is the apical plasma membrane region of certain types of endostylar cells, and the possibility of iodination taking place also in the endostylar lumen is not ruled out. Some of iodinated protein must be reabsorbed into the certain types of endostylar cells in these animals. 
I Orientation
In 1895 BAUMANN found by chance that the thyroid gland contains iodine. He isolated an iodine-binding amorphous compound and named it "Thyrojodin."
However, before him, the relationship between iodine and thyroid disease had been thought of by several people. It is said that exophthalmic goiter was described in Assyrian basreliefs and in medical script of ancient Egypt, China, India and Rome (Pre-Christian era), and a harmful quality of water was thought to be the cause of goiter in Rome (PLINIUS, VITRUVIUS, Ist Century) . ROGERIUS (1170) , PROSSER (1769) , COINDET (1820) , PROVT (1834) and VON BASEDOW (1840) tried to use an iodine preparation such as seaweed burnt sponges and others for the treatment of goiter or thyroid disorders. Since BAUMANN (1895, iodine has been considered to be an important component of the thyroid tissue. One of the hormones secreted from the thyroid gland was isolated as a crystal containing about 65% iodine in December, 1914 and named thyroxine by KENDALL (1915 KENDALL ( , 1919 . However, a chemical structure he proposed (C11H10O3NI3; thyro-oxyindol) was wrong, and in 1926 HARRINGTON clarified it to be a derivative of tyrosine (C15H11O4N14). Since then thyroxine, the molecule of which binds 4 iodine atoms has been regarded as the only substance to act as a hormone. Thyroxine is also named tetraiodothyronine (T4) owing to its chemical structure.
In 1952, GROSS and PITT-RIVERS, and ROCHE et al. found triiodothyronine (T3) binding 3 iodine atoms as a substance having stronger hormonal action than thyroxine. Though diiodothyronine (T2) also has very weak hormonal action, little of this material is secreted and now T3 and T4 are generally known as thyroid hormones.
In addition another kind of thyroid hormone, thyrocalcitonin, has been discovered by COPP et al. (1962) and HIRSCH et al. (1964) . Being the calcium-lowering factor quite different from the usual thyroid hormone in its chemical structure and function, this hormone is not discussed in the present paper. (1965) . It consists of two equal subunits (12S), each made up of two polypeptide chains which are held together by one or a few disulfide bonds (S-S). So it is now believed that thyroglobulin consists of 4 peptide linkages. The thyroid hormones, such as triiodothyronine and thyroxine, are incorporated into the peptide linkages of thyroglobulin, and the hydrolysis of thyroglobulin is needed to liberate the hormones. Thyroglobulin synthesized in the follicular epithelial cell is released into the follicular lumen to be stored there. The colloid in the lumen corresponds to thyroglobulin secreted from the follicular epithelial cell. Many papers have been published from morphological and biochemical aspects regarding the synthesis of thyroglobulin. NADLER et al. (1964) reported, using the electron microscopic autoradiography of 3H-leucine, that proteinous components of thyroglobulin are synthesized in the elements of rough endoplasmic reticulum and transported to the Golgi apparatus to become matured secretory granules (=subapical vesicles). EKHOLM and STRANDBERG (1966 , 1967a , b, 1968 using biochemical techniques and electron microscopy of the subcellular f ractionations showed that in the guinea pig and rat thyroid, the thyroglobulin is synthesized within microsomal fractions (corresponding to rough endoplasmic reticulum) and then transported to the smooth surfaced vesicles. Recently the site for binding of the component of carbohydrate into thyroglobulin has been detected using the electron microscopic autoradiography Fig. 1 . A part of the normal chick thyroid follicular epithelial cell. Notice rough endoplasmic reticulum (R), Golgi apparatus (G), subapical vesicles (V) and reabsorbed colloid droplet (D). The protein is synthesized in the rough endoplasmic reticulum and transported to the Golgi apparatus space. In addition, monoidotyrosine (MIT) and diiodotyrosine (DIT) are also liberated by hydrolysis of thyroglobulin. From these iodotyrosines, inorganic iodide and tyrosine are produced and used again for thyroglobulin synthesis.
There is another problem remaining as to the thyroglobulin synthesis. Tyrosine and thyronine incorporated into the thyroglobulin molecule should be iodinated Accroding to the degree of iodination, there are several kinds of iodotyrosine and iodothyronine; monoiodotyrosine (MIT), diiodotyrosine (DIT), triiodothyronine (T3), tetraiodothyronine (T4) and so on. For making iodinate proteins, two steps are required: first, inorganic iodide is accumulated into the thyroid gland and then this iodide is oxidized and combined with protein. In the present review, the author will discuss chiefly the site for the second reaction, iodination of protein. For about 20 years many biochemical and morphological studies have been done concerning the site of iodination of tyrosine or thyronine. Nevertheless, there are some differences of opinion expressed in these studies. This problem has been one of the most important subjects in thyroid research and has not yet been clearly solved. Briefly speaking, some investigators have considered that the iodination of thyroglobulin (tyrosine or thyronine incorporated) takes place within the cell and the others, within the follicular lumen. In the present paper progress in the study as to the site of iodination of thyroglobulin will be traced critically and the present author's opinion will be expressed. One of the most powerful techniques for attacking this problem is autoradiography using radioactive iodine. Autoradiography is a method for tracing the route of certain material, using the radioisotope given into the living body, in the histodemonstrating the localization of injected radioactive polonium in animal tissue. They are pioneers in autoradiography. However, it was around 1940 that this method began to be used for biological research using many kinds of artificial radioisotopes.
Autoradiography of the thyroid, using radioactive iodine, was first perf omed by iodine incorporated into the thyroid colloid. The first works performed using autoradiography of radioactive iodine for detecting the site of iodination of thyroglobulin investigators have applied this method to studying the iodine metabolism of the thyroid.
Most of them injected inorganic iodide (131I or 125I) into the blood vessel or intraperitoneally, killed the animal certain minutes, certain hours or days after the treatment, and made an autoradiogram of the thyroid tissue. During the usual autoradiographic procedures, inorganic iodide must be washed away by fixative, alcohol and water, and only organic iodide bound with protein is detected by this method. So this technique seems suitable for the localization of organic iodide in the tissue. First 131I was used to greater advantage at the light microscopic level, and now 125I is the favorite isotope in electron microscopy by many investigators, because 131I emits while the energy radiation of 125I is low (3, 27 and 34 KeV) and more useful for detecting fine structural localization.
autoradiography, they showed that in rats receiving daily nonradioactive iodine or in hypophysectomized rats, the radioactivity is mostly present in the epithelium, especially in the apical portion of the cell, one hour after the injection of 131I. On the contrary in the iodine deficient animals, organic 131I was demonstrated mostly in the follicle luminal colloid as early as 2 minutes after the injection.
DONIACH and PELC (1949) also found that organic 131I is present only in the follicular lumen of normal rat thyroids within 10min after the injection. The resolving power of autoradiography to suggest the possibility that the iodination of thyroglobulin might take place in the ular lumen. Many papers published since 1955 have concluded that the follicular lumen is the main site for iodination of thyroglobulin, though there are a few excepfound the autoradiographic image always localized in the colloid between 11 seconds and 1hr after radioiodide injection, concluded that the iodination of thyroglobulin occurs in the luminal colloid. They noticed organic iodide especially localized in the narrow ring at the edge of the luminal colloid at 2min and earlier, and then distributed throughout the colloid gradually. This "ring reaction" at the edge of the colloid has in order to know the details of the site of this reaction, electron microscopic autoradioworks dealing with the distribution and diffusion of the organic iodide in the lumen. They observed that there is a difference in the speed of iodination of thyroglobulin between the central follicles and peripheral follicles in the whole thyroid. The follicles in the central part of the gland react more promptly to the injected iodide.
On the other hand, there are several papers expressing the opinion that the iodination of thyroglobulin might take place in the follicular epithelial cell.
from the normal rat thyroid labelled with 131I in vivo for 1hr, demonstrated that cellular organic iodine was present in the remaining epithelial cells. He also found the ring reaction at the peripheral zone of the luminal colloid of the rat thyroid 30min-1hr after the administration of 131I. From these data, he concluded that the formation of iodine-containing organic compounds (=iodinated thyroglobulin) in the thyroid epithelial cells of an untreated rat after 2hrs labelling with 125I, and in the thyroid of rats pretreated with iodide and labelled with 131I for 10 or 15min. They concluded that thyroglobulin is iodinated in the follicular epithelial cells.
An autoradiography was also used to learn the distribution of inorganic iodide in the thyroid gland. For this purpose freeze dried sections are necessary because inin the follicular cell as well as in the follicular lumen, using freeze dried sections, 15 min or 30-50min after the injection of 131I into thiouracil-treated or propylthiouraciltreated animals respectively. These drugs were used for inhibiting the organification organic iodide was much higher in the follicular cells of some follicles than in the Fig. 2 . An electron microscopic autoradiogram of a part of the mouse thyroid 1hr after the injection follicular lumen 5min after the injection of 131I into propylthiouracil-treated mice, and they considered that the basal plasma membrane is responsible for iodine concentration and the apical plasma membrane exerts some control over the passage of radioiodide from the cell into the follicular lumen.
b. Electron microscopic level Fig. 3 . A schematic diagram illustrating the iodine metabolism of the thyroid cell of an adult mouse or rat. a. A few minutes-a few hours after the injection of 125I. Most silver grains (red) are localized in the follicle lumen. The iodination of thyroglobulin takes place almost entirely in the follicle lumen. b. 24hrs after 125I administration and 1hr after TSH injection. Silver grains are found in the follicle lumen and in the reabsorbed colloid droplets.
for detecting the site of iodination of thyroglobulin or for determining whether the intracellular colloid droplet is the secretory substance or reabsorbed material. Among iodination of thyroglobulin. By electron microscopic autoradiography, most of these authors found numerous silver grains only in the thyroid follicular lumen a few minutes to several hours after the injection of 125I or 131I into the mouse, rat or guinea pig and they considered that iodination of thyroglobulin takes place almost entirely tion occurs only in the rough endoplasmic reticulum, though numerous silver grains were localized in the follicular lumen and very few in the cytoplasm in their photographs. They refused to consider the numerous grains in the follicular lumen.
the cytoplasm 3-5min after the injection into rats and mice. Grains in the follicular lumen and apical cell membrane region are increased in number with time, while none or few grains appear in the cytoplasm during a few hours after the injection (FUJITA, 1969) . This fact tells us generally that the site of iodination of thyroglobulin is not in the cytoplasm but in the follicular luminal colloid and apical plasma membrane region in this case. In some of the follicles, silver grains are markedly numerous in the apical plasma membrane (microvillous) region and in the peripheral region of the follicular lumen. This phenomenon corresponds to the ring reaction mentioned above. So it is considered that active iodination of thyroglobulin takes place particularly in this region of some follicles. Here the question may arise whether the possibility exists or not that thyroglobulin is iodinated in the cytoplasm and then released into the follicular lumen rapidly. However, it has already been shown, using the autoradiography of 3H-leucine, that the synthesis of thyroglobulin in the cytoAccording to the data of the present author, using electron microscopic autoradiography of 3H-leucine, it takes more than 30min until a few silver grains appear in the follicular lumen and numerous grains remain in the cytoplasm during several hours after the injection of the isotope; on the contrary 125I appears within 3min in the follicular lumen after the injection. This fact suggests that the protein synthesis and release do not proceed as quickly when compared with the iodination of the thyroglobulin. So the possibility mentioned above that thyroglobulin in synthesizing process might be iodinated in the cytoplasm and released into the lumen too rapidly to recognize the silver grains in the cytoplasm after the injection of radioactive iodine, can almost be ignored, though the possibility cannot be ruled out that thyroglobulin in some subapical vesicles might be iodinated and extruded into the follicular lumen during a shorter time. Here, the present author wishes to cite NADLER's conclusion (1965) reported that thyroid slices from sheep synthesize thyroglobulin which is still not iodinated. From these facts, it is easy to consider that thyroglobulin could be iodinated in various sites as mentioned above. The present author has speculated that the thyroglobulin molecule extruded into the follicle lumen has not yet been iodinated satisfac- (1965) reported that 19S is the major component, varying form 82-100% of thyroglobulin-like iodoproteins.
The majority of 19S is the follicular luminal colloid and so follicular luminal thyroglobulin is by far the larger in quantity than cytoplasmic thyroglobulin.
Hence, when iodine is injected into the adult animal, a large amount of the iodide ion is considered to enter the follicular lumen to combine with thyroglobulin of the luminal colloid. This speculation coincides well with the biochemical data that thyroglobulin obtained from the follicular colloid shows heterogeneity in 3. Enzyme of iodination Some enzymes have been known to be necessary for the iodination of thyroglobulin. First; the iodide ion must be taken into the thyroid cell from the blood capillary.
The iodide ion in the blood capillary must pass through the endothelium, endothelial basal lamina, pericapillary space, follicle basal lamina, and plasma meinbrane of the follicular epithelial cell. Now it is not clear why the iodide ion in the blood capillary is easily taken up into the follicular epithelial cell passing through these many kinds of structures.
The uptake of iodide ion is called iodide trapping.
Though the mechanism of iodide trapping is not clear, active transport (ion pump) ever, no one has yet succeeded in demonstrating ATPase in the basal plasma membrane of the thyroid follicular epithelial cell histochemically. This is a problem to be solved in the future. Then the iodide ion should be organized. It has been believed that iodide ion taken up into the follicle epithelial cell is oxidized to become I2 before being bound with the oxidation of iodide ion is accepted to occur using H2O2 with the enzymatic action of peroxidase.
The oxidized iodine is the active form of iodide. tending from the first to fifth gill arches and separated by a medial septum. Each hollow communicates with the pharynx through a narrow duct, the ductus hypobranchialis, which is closed at metamorphosis.
The epithelial cells of this organ in the larval lamprey have been classified into The ascidians belong to the category of subphylum tunicata and the amphioxus to subphylum cephalochordata.
The light microscopic structures of their others). The endostyle of these animals is a groove in the floor of the gill chamber and its general structure is quite different from that of the larval lamprey. The main function of the endostyle of these animals has been considered to be gathering foods, mixing them with mucoproteinous substances secreted from some kinds of cells, and sending them into the digestive canal using numerous cilia. By light microscopy 8 zones are distinguished in the transverse section of the endostyle of the ascidian and 6 zones in amphioxus. Zone 1 is a median region forming the bottom of the floor of an endostyle in the ascidian, Ciona intestinalis. Each zone from zone 2 to zone 8 consists of two symmetrical rows respectively arranged in order forming the lateral walls of the endostyle. Cells in zones 2, 4 and 6 are glandular elements secreting mucoproteinous or proteinous substances and those in zones 1, 3 and 5 to be supporting elements in Ciona. Zone 7 cells, or zone 7 and 8 cells are considered to be homoequivalent to zone 2, 4 and 6 cells of Ciona intestinalis, and THOMAS (1956) reported that iodine is accumulated in the mucous cell of the dorsal gland tract corresponding Recent chemical studies have shown that endostyles of these animals produce thyroid hormones which are quite the same as those in higher vertebrates.
of an amphioxus. Iodotyrosine and rarely iodothyronine have been demonstrated chiefly in the body surfaces of some invertebrates.
The synthesis of iodothyronine is interesting and important for thyroid function, but the present author does not deal with iodine metabolism in the invertebrate in this review. 
Cyclostomes and protochordates
As for the thyroid of cyclostomes, the fine structure of the follicular epithelial published data). In the adult lamprey, Lampetra japonica, three kinds of follicular epithelial cells were classified; ciliated taller, non-ciliated taller, and non-ciliated lower cells. However, these cells are considered to be essentially the same in their function. Though the rough endoplasmic reticulum is somewhat well developed in these cells, the cisternae are not so dilated as those of the higher vertebrate. For this reason, FUJITA and HONMA (1966) have the idea that the thyroid function of this animal is not so active. The cell has large or small dense bodies in the cytoplasm which might be lysosomes. By light microscopic autoradiography of 131I, the main site of the iodination of thyroglobulin is thought to be the follicular luminal colloid (FUJITA, unpublished data) .
Concerning the endostyle of a larval lamprey, ammocoetes of Lampetra japonica, The iodine metabolism of the endostyles of cyclostomes and protochordates has been studied using light microscopic autoradiography of 131I or 125I in the larval lamsidered that the protein iodination takes place in the cytoplasm of the type 2c and 3 cells of the endostyle in a larval lamprey, and of the zone 7 cell in Ciona intestinalis found numerous silver grains in the apical cell membrane region of zone 7 and zone 8 cells, especially of zone 8 cells, 1, 4, 6, 16 and 24hrs after immersion in sea water containing 1mCi/1 of 125I, and in the multivesicular bodies and lysosomes in these cells, especially 16 and 24hrs after immersion. From these facts they thought that the main site of iodination of protein is the apical plasma membrane region, and they suggested the possibility that iodination takes place in the endostylar lumen because the materials in the lumen are washed away during the autoradiographic procedures and the detection of this material for radioactivity is very difficult. They believed that the labeled multivesicular bodies and labeled large lysosomes might contain reabsorbed materials from the endostylar lumen.
Based on the data of larval lampreys and ascidians, the present author wishes to conclude that iodine metabolism in the thyroid and its homologous organs throughout the vertebrates and protochordates shows a fundamentally similar pattern in phylogenetic aspects (FUJITA, 1971) . Furthermore, the electron microscopic autoradiography of radioactive iodine in amphioxus and myxine is needed to clarify the phylogeny of the iodine metabolism of the thyroid gland. It is also necessary to examine whether the materials in the endostylar lumen have the ability to combine with iodine or not. Zellforsch. 121: 301-318 (1971) . Fujita, H.: Outline of the fine structural aspects on the synthesis and release of the thyroid hormone.
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